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ABSTRACT 


The  growth  kinetics  of  iron  at  open  circuit  potentials  in  phosphate, 
chromate,  tungstate,  molybdate,  and  nitrite  solutions  were  investigated 
using  the  ellipsometric  technique.  These  results  were  correlated  with 
film  compositions  as  determined  using  Auger  electron  spectroscopy.  All 
films  thickened  logarithmically  with  tine  except  those  formed  in  a pH  9.1 
phosphate  solution.  In  general  the  less  the  incorporation  of  ions  from 
the  oxyanions  in  the  film,  the  more  protective  the  film  v/as  found  to  be. 
The  exception  was  that  formed  in  the  chromate  solution.  This  film  was 
very  protective  and  had  a composition  which  approximated  that  found  on 
stainless  steels. 


1 .0  Introduction 


Investigations  into  the  properties,  compositions,  and  thicknesses 
of  surface  films  produced  on  iron  in  solutions  manifesting  the  ability  to 
inhibit  corrosion  are  of  great  value  in  explaining  the  inhibition  mechanism. 

This  is  particularly  true  for  inorganic  inhibitors  of  the  passivating  type. 

The  most  frequently  used  inhibitors  can  be  divided  into  two  groups:  those 

which  are  able  to  protect  iron  both  in  the  presence  and  absence  of  air, 
e.g.,  chromates  and  nitrites,  and  those  which  act  only  in  the  presence  of 
oxygen,  e.g.,  phosphates.  Some  weakly  oxidizing  oxyanions,  e.g.,  arsenates, 
tungstates,  and  molybdates,  can  also  be  included  in  the  list  of  inorganic 
inhibitors  but  they  have  only  a very  limited  application. 

There  are  several  ideas  attempting  to  rationalize  the  action  of  inorganic 
inhibitors.  The  oldest  and  still  v/idely  accepted  one  assumes  that  inhibition 
is  due  to  the  formation  of  a protective  layer  which  acts  as  a physical  barrier 
slowing  the  dissolution  process  (1-4).  For  its  formation  Fe^^  ions  which  go 
into  solution  from  the  detective  sites  undergo  oxidation  by  the  inhibitor  or  by 
oxygen  in  the  solution  and  deposit  on  the  anode  as  an  insoluble  product  layer 
able  to  produce  an  adherent  barrier.  Another  possibility  is  that  the  protective 
film  is  formed  by  the  direct  oxidation  of  iron  in  the  metallic  lattice  (5,6). 

Many  experimental  results  can  be  explained  using  only  electrochemical 
principals.  This  concept  has  been  developed  by  Stern  (7)  and  Kolotyrkin  (8) 
who  suggested  that  an  inhibitor  does  not  need  to  participate  in  passive  film 
formation  but  accelerates  the  cathodic  reaction  and  shifts  the  potential  into 
the  passive  range.  Thus  an  oxidizing  inhibitor  provides  a stable  mixed 
potential  more  positive  than  the  passivating  potential,  while  nonoxidizing 
inhibitors  need  the  presence  of  dissolved  oxygen  or  some  other  oxidizing 
agent  to  be  effective. 
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Inhibitors  which  are  salts  of  weak  acids  act  as  buffering  agents 
preventing  the  occurance  of  localized  acidification  which  results  from  the 
hydrolysis  of  the  dissolving  metal  from  perforations  in  the  film.  The  low 
solubility  of  the  ferric  compounds  of  these  inhibitors  further  increases 
the  effectiveness  by  the  precipitation  of  deposition  of  insoluble  salts, 
thus  repairing  the  film  (9). 

Additional  ideas  which  rationalize  the  action  of  inhibitors  in 
suppressing  corrosion  rates  are  based  on  their  adsorption  at  the  interface. 

Uhlig  suggests  that  these  ions  chemisorb  on  the  metal  surface  thus  immobilizing 
the  electrons  which  reduces  chemical  activity  (10).  While  other  mechanisms 
are  based  on  electrostatic  arguments,  where  it  is  assumed  that  the  most 
effective  inhibitors  have  a nonuniform  distribution  of  charge.  These  anions 
are  assumed  to  adsorp  electrostatically  on  the  filmed  surface  and  thus  attract 
and  tie  up  any  free  electrons  in  the  semiconducing  film.  It  is  hypothesized 
that  this  induced  field  hinders  the  escape  of  metal  ions  from  the  surface  (11,12). 

There  is  relatively  little  work  concerning  the  thickness  and  composition 
of  films  produced  on  iron  in  the  presence  of  inorganic  inhibitors  in  the  solution. 

Kruger  (13)  studied  ellipsometrically  the  growth  of  passive  films  on 
iron  in  an  aerated  solution  of  0.0025M  K2Cr0^.  He  observed  logarithmic 
film  growth.  Similar  tests  were  also  performed  in  O.IM  NaN02,  in  which 
logarithmic  growth  of  the  film  was  also  observed. 

The  growth  kinetics  of  films  on  iron  was  also  investigated  by  Smialowska  and 
Staehle  in  phosphates  (14),  chromates  (15)  and  arsenates  (16).  The  composition 
of  the  films  was  studied  by  several  investigators.  In  case  of  a chromate 
inhibitor.  Indirect  evidence  has  indicated  the  presence  of  Cr  in  the  film 
(1.  3,  17). 


A 


3 


Thereare,  however,  no  studies  in  which  correlations  have  been  made 
between  the  kinetics  of  film  growth,  its  thickness,  and  its  composition. 

2.0  Experimental 

Cylindrical  iron  specimens  (99.99%  purity)  having  an  exposed  area  of 
2 

0.32  cm  were  used.  The  specimens  were  vacuum  annealed  for  3 hours  at 
TSO^C.  Surface  preparation  consisted  of  mechanical  polishing  using  diamond 
abrasives  down  to  a final  finish  of  1 pm.  This  was  followed  by  electro- 
polishing in  a glacial  acetic  acid,  70%  perchloric  acid  (20:1)  electrolyte. 
The  specimen  was  exposed  for  25  hours  at  room  temperature  and  a current  of 
p ohms/cm. 

The  ellipsometric  measurements  were  performed  at  a wavelength  of  5461 
A description  of  the  cell  used  and  the  apparatus  can  be  found  elsewhere  (18). 
Optical  constants  and  film  thicknesses  were  determined  using  the  McCrackin 
computer  program  (19). 

In  each  case  the  changes  in  the  two  ellipsometric  parameters,  the 
analyzer  angle  and  the  polarizer  angle,  are  given.  The  curves  shown  are  the 
least  squares  fit  to  the  points.  Also  given  are  the  optical  constants  of 
the  film,  n-ik,  which  would  satisfy  this  locus  of  points  as  it  thickens. 

It  is  not  possible  to  obtain  unique  values  for  the  optical  constants! 
thus  in  most  cases  several  are  given  which  fit  the  experimental  results. 

In  determining  these  values,  it  was  assumed  that  the  real  part,  n,  lay 
between  1.5  and  2.6  and  0 £ k £ 0.4.  The  value  2. 6-0.4  i is  the  upper 
limit  of  that  obtained  for  the  passive  film  resulting  from  exposure  to 
a borate  buffer  solution  (18,  20-22).  The  calculated  value  of  the  film 
thickness  is  not  a sensitive  function  of  the  optical  constants  varying 
less  than  15%  for  the  ranges  given  for  each  curve. 
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The  following  solutions  were  used: 

O.IN  Na2CrO^.  pH  12  0.05  N Na2W0^,  pH  8.5 

O.IN  Na2CrO^,  pH  7 0.01  N NaN02»  pH  7 

O.IN  Na2HAs04»  pH  8.6  0.01  N Na2HP0^,  pH  9.1 

O.IN  Na2MoO^,  pH  9.6  0.1  N Na3P0^,  pH  12 

All  measurements  were  performed  in  solutions  which  were  open  to  the  air. 

The  specimen  was  polarized  to  a potential  which  was  300  mV  more  negative 
than  the  corrosion  potential  of  iron  in  the  given  medium.  Cathodic  reduction 
of  the  air-formed  film  was  continued  at  this  potential  until  the  ellipsometric 
parameters  no  longer  changed.  The  complex  index  of  refraction  thus  obtained 
was  3.0-4.20i,  where  n=3.0  ± 0.05  and  k * 4.2  ± 0.15.  Comparing  this  with 
the  value  obtained  for  film  free  iron  in  an  ultrahigh  vacuum  system,  (3.35  - 
3.85  i)  indicates  the  presence  of  a very  thin  air-formed  film  on  the  surface 
which  was  not  completely  reduced  by  the  cathodic  treatment  (23).  Thus  for 
comparison  some  investigations  were  undertaken  without  initially  treating  the 
specimen  cathodically. 

The  compositions  of  the  protective  films  were  obtained  using  Auger 
electron  spectroscopy.  The  profiling  technique  was  used  which  allowed  the 
in-depth  composition  profiles  to  be  obtained  (24). 

3.0  Results 

3.1  Chromates 

The  ellipsometric  results  for  iron  exposed  to  the  pH  7 chromate  solution 
are  given  in  Figure  1.  Curve  1 shows  the  changes  in  the  analyzer  angle  and 
polarizer  angle,  for  films  formed  at  open  circuit  potential  on  surfaces  which 
had  been  initially  cathodically  reduced.  A film  having  a refractive  index  of 
1.6  can  be  fitted  to  this  curve.  The  thickness  after  one  hour  of  growth  is 

O 

58  A.  The  growth  of  this  film  follows  logarithmic  kinetics  with  a corresponding 
logarithmic  decrease  in  the  corrosion  potential  (17)  as  shown  by  curve  1 in 
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Figure  2. 

Curves  2 and  4 of  Figure  1 represent  films  which  were  grown  under  the 
same  conditions  as  that  represented  by  curve  1;  however,  different  aA  vs. 
aP  curves  were  obtained.  The  variations  in  slope  are  indicative  of  differences 
in  optical  properties.  Films  having  optical  properties  n = 1.6  - 1.9  and 
k = 0.018  - 0.076  could  be  fitted  to  curve  2.  Thicknesses  ranged  from  45-58 
after  one  hour  depending  upon  which  optical  constants  were  used.  The  shape 
of  curve  4 suggests  that  this  is  a two  layer  film;  the  slope  of  the  segment 
which  goes  through  the  origin  is  the  same  as  that  of  the  iron  oxide  films 
resulting  from  exposure  to  a borate  buffer  solution;  assuming  a two  layer 
film  with  the  first  layer  having  optical  constants  2.6  - 0.3i,  the  second 
layer  has  the  same  optical  constants  as  those  represented  by  curve  2.  This 
hydpothesis  is  further  supported  by  the  observation  that  curve  4 is  also 
obtained  if  the  air  formed  film  is  not  removed  by  cathodic  reduction.  The 

O 

maximum  thickness  of  the  first  layer  was  approximately  10  A.  The  total 

O 

thickness  of  the  two-layer  film  was  approximately  40  A after  one  hour  of 
growth.  The  different  optical  properties  can  be  correlated  with  variations 
in  the  potential -time  behavior  as  shown  in  Figure  2.  Although  the  slopes  of 
these  curves  are  essentially  the  same,  the  intercepts  are  different  indicating 
a ntore  rapid  initial  increase  in  potential  for  curves  2 and  4.  Thus,  the 
potentials  underwhich  steady  state  growth  is  occurring  are  substantially 
higher  for  films  2 and  4. 

Film  3 was  formed  by  anodic  polarization  at  700  mV  SCE  on  a cathodically 
reduced  surface.  The  optical  constants  of  this  film  were  the  same  as  those 
for  the  passive  film  formed  in  the  borate  buffer  solution. 

Films  were  also  formed  at  open  circuit  potentials  and  at  700  mV  in  a 
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pH  12  chromate  solution.  The  optical  results  were  the  same  as  those  shown 
in  Figure  1 (curves  2 and  3 respectively). 

The  Auger  spectra  from  the  film  formed  by  anodic  polarization  are  shown 

O 

in  Figure  3.  Spectra  are  shown  from  the  surface,  and  approximately  15  A and 

O O 

25  A into  the  film.  The  film  was  30  A thick.  In  accordance  with  the  optical 
results,  the  film  was  an  iron  oxide;  however,  it  did  contain  a small  amount 
of  chromium. 

Figures  4,  5,  and  6 show  the  composition  profiles  for  films  1,  2,  and  4. 

The  indicated  Auger  peaks  were  normalized  by  dividing  by  the  sum  of  the 
Fe  703  eV  and  the  Cr  519  eV  lines.  All  of  these  films  contain  substantial 
amounts  of  chromium.  The  composition  of  film  #1  differs  from  the  others 
in  two  ways:  first  the  surface  region  contains  a higher  chromium  content  and 

a lower  oxygen  content,  second  there  is  a region  of  constant  oxygen  composition. 

In  all  cases  the  chromium  and  iron  contents  vary  inversely  with  one  another,  i.e., 
where  one  increases  the  other  decreases. 

The  compositions  of  films  2 and  4 are  the  same.  These  are  much  like 
those  formed  on  the  stainless  steels  (15).  The  oxygen  decreases  continuously, 
and  the  chromium  and  iron  levels  are  not  constant  throughout  the  film. 

Figure  5 is  the  composition  profile  for  the  type  2 film  which  was 
formed  in  a pH  12  solution.  No  difference  was  detected  between  those  films 
formed  in  pH  7 and  12  solutions  except  in  the  latter  case  the  chromium 
content  (the  area  under  the  curve)  was  slightly  less. 

Figure  6 gives  the  composition  profile  for  a surface  which  was  not 
cathodically  reduced,  i.e.,  a type  4 film.  The  chromium  signal  vanished 
before  that  of  oxygen  although  the  level  of  the  oxygen  signal  was  quite  low 
at  this  point.  This  is  in  accordance  with  the  ellipsometric  results  which 

O 

indicate  chat  the  underlying  oxygen  film  is  less  than  10  A,  However,  the 


possibility  exists  that  nonuniform  sputtering  creates  islands  of  the  overlying 
film  in  the  area  of  analysis  and  chromium  is  driven  into  the  oxide  film 
by  the  impinging  argon  ions.  Both  of  these  processes  would  cause  an  increase 
of  the  apparent  depth  of  chromium  in  the  film. 

3.2  Nitrite 

The  aA-aP  ellipsometric  response  for  iron  in  the  nitrite  solution  is 
shown  in  Figure  7.  This  is  the  same  curve  which  is  obtained  for  iron  in 
the  borate  buffer  solution.  Thus  a film  having  optical  constants  2.6  - 0.21  i 
can  be  fitted  to  this  curve. 

The  potential  decay  and  the  film  growth  followed  a logarithmic  dependence 
with  time  (Figure  8).  A unique  feature  of  these  results  was  the  very  rapid 
decrease  in  potential,  270  mV  per  decade. 

In  accordance  with  the  optical  results  the  Auger  analysis  (Figure  9) 
indicates  that  this  is  an  oxide  film.  No  region  of  constant  composition  was 
observed;  the  oxygen  decreased  uniformly  and  rapidly  with  sputtering  time. 

It  is  unlikely  that  such  a region  would  be  detectable  even  if  it  existed 
because  of  the  very  thin  film.  The  escape  depth  of  the  Fe  703  eV  electrons  is 
approaching  the  thickness  of  the  film.  Thus  some  Auger  electrons  would  originate 
detected  from  the  substrate,  the  number  increasing  as  the  film  is  sputtered 
away.  The  relative  amount  of  oxygen  would  then  also  appear  to  be  decreasing. 

Some  nitrogen  was  also  observed  to  be  incorporated  in  the  film. 

3.3  Molybdate  and  Tungstate 

The  ellipsometric  results  for  iron  in  the  tungstate  and  molybdate 
solutions  (Figure  7)  at  open  circuit  potentials  were  identical.  Films  having 
optical  constants  n « 1.6  - 1.9  and  k = 0.02  - 0.04  could  be  fitted  to  this 
curve.  The  corresponding  change  in  potential  and  film  thickness  is  shown  In 
Figure  10. 
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P''  The  film  formed  by  anodic  polarization  in  the  molybdate  solution  had 

t 

the  same  optical  properties  as  that  resulting  from  exposure  to  the  nitrite 
solution.  The  growth  kinetics  were  logarithmic. 

Anodic  polarization  of  iron  in  a tungstate  solution  results  in  a 
aA-aP  curve  similar  to  that  for  a type  4 film  in  the  chromate  solution 
provided  the  potential  in  above  -lOOmV.  Below  this  potential  the  curve 
is  the  same  as  that  shown  in  Figure  7.  Hence  a two  layer  film  is  formed 
at  high  anodic  potential  each  layer  having  different  optical  properties. 

The  growth  kinetics  of  the  anodic  film  occur  in  two  stages.  The  film  first 

O 

grows  logarithmically  with  time  to  approximately  10  A.  Then  0.5  - 15  seconds 
(depending  on  potential)  after  polarization,  rapid  growth  occurs.  The  film 

O 

reaches  a limiting  thickness  of  approximately  250  A after  100  seconds  and 
^ no  longer  thickens  (25). 

The  Auger  results  for  the  films  formed  in  the  molybdate  and  tungstate 
solution  under  open  circuit  conditions  are  shown  in  Figures  11  and  12.  The 
oxygen  content  of  the  film  resulting  from  exposure  to  the  molybdate  solution 
is  very  similar  to  that  for  the  film  formed  in  the  nitrite  solution.  Very 
small  amounts  of  molybdenum  were  detected  throughout  most  of  the  film.  There 

I 

is  a shoulder  in  the  normalized  oxygen  curve  for  the  film  produced  in  the 
tungstate  solution.  The  first  segment  follows  the  tungsten  composition  which 
could  indicate  that  a large  amount  of  oxygen  is  associated  with  tungsten. 
Relatively  large  amounts  of  tungsten  are  concentrated  near  the  surface. 

As  a comparison  the  sensitivity  to  tungsten  is  approximately  one-half  that 
of  molybdenum  and  iron  (26). 

The  Auger  results  for  the  film  formed  at  500  mV  in  the  molybdate 
solution  were  quite  similar  to  those  obtained  at  open  circuit  potential. 
However,  molybdenum  was  detected  in  the  surface  layers  only  and  in  small 
amounts  which  never  exceeded  those  obtained  for  films  grown  at  open  circuit 
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potential . 

Results  for  iron  polarized  in  0.05N  Na2W0^  at  900  mV  are  shown  in 
Figure  13.  The  oxygen  content  relative  to  iron,  in  the  surface  layers  is 
approximately  2 1/2  times  that  obtained  for  the  other  films.  This  and  the 
presence  of  large  amoungs  of  tungsten  suggest  that  the  surface  layer  is 
composed  of  compounds  containing  Fe  and  W.  Large  amounts  of  tungsten  were 
detected  throughout  the  film.  The  nature  of  the  interior  of  the  film  is 
difficult  to  rationalize.  Tungsten  is  present  in  relatively  large,  near 
constant  quantities,  while  oxygen  decreases  uniformly  with  depth. 

3.4  Arsenate 

Figure  14  gives  the  relationship  between  aA  and  aP  for  the  film  formed 
on  iron  exposed  to  the  pH  8.6  Na2HAsO^  solution.  Curves  corresponding  to 
films  having  indices  of  refraction  ranging  from  1.6  - 1.74  could  be  fitted 
to  this  set  of  points.  The  changes  in  film  thickness  (using  n » 1.6)  are 
shown  in  Figure  15.  Initially  there  is  a steep  linear  increase  in  the  film 
thickness  corresponding  to  a sharp  increase  in  potential.  This  is  followed 
by  a region  in  which  both  film  thickness  and  potential  change  slowly.  The 
potential  at  which  the  onset  of  slow  film  growth  occurs  corresponds  to  the 
critical  potential  of  passivation  (16). 

The  composition  profile  of  this  film  is  given  in  Figure  16.  The 
high  0/Fe  content  and  the  existence  of  arsenic  on  the  surface  suggest  the 
presence  of  ferric  arsenate.  Auger  analysis  Indicates  that  there  is  a 
large  amount  of  arsenic  since  this  technique  is  approximately  ten  times 
more  sensitive  to  oxygen  than  to  arsenic.  There  is  also  an  abrupt  decrease  in 
oxygen  as  the  substrate  is  approached.  The  continued  presence  of  high  arsenic 
levels  after  this  decrease  implies  that  arsenic  was  electrodeposited  during 
cathodic  reduction  onto  the  surface  before  oxide  growth  began. 
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3.5  Phosphate 

The  open  circuit  behavior  of  iron  exposed  to  a pH  12.3  sodium  phosphate  j 

solution  has  been  given  elsewhere  (14).  The  results  were  similar  to  those 
given  in  Figure  8 for  the  nitrite  solution.  There  was  a logarithmic  increase 
in  film  thickness  (n.  = 2.6  ±0.1  k = 0.21  ± 0.05)  and  a corresponding 
increase  in  potential  which  was  proportional  to  the  film  thickness.  The  film 

o 

thickened  to  12  A in  1000  minutes  during  which  the  potential  ranged  from  | 

-890  mV  to  -520  mV.  Auger  analysis  indicated  that  this  was  an  oxide  film; 

phosphorus  was  detected  on  the  surface  only.  However,  the  signal  level  of 

phosphorus  was  two  orders  of  magnitude  less  than  oxygen.  The  composition 

profile  was  almost  identical  to  the  composition  profile  for  the  film  formed 

in  the  nitrite  solution  ( Figure  7). 

Figure  17  shows  the  changes  in  aA  and  aP  for  films  formed  on  iron 
exposed  to  a pH  9.1  phosphate  solution  at  open  circuit  potentials  (-900  mV  | 

to  -750  mV).  As  shown  previously,  (14)  films  having  optical  constants 

ranging  from  1.4  - 1.5  for  n and  0 - 0.14  for  k fit  these  results.  The  • 

film  was  found  to  be  very  complex  since  a single  set  of  optical  constants  | 

could  not  be  fitted  to  the  aA  - aP  curve.  This  indicated  that  the  optical 
properties  of  the  film  changed  with  time  as  the  potential  become  more  noble.  | 

The  Auger  results  for  this  film  are  shown  in  Figure  18.  The  high 
phosphorous  and  oxygen  content  (relative  to  iron)  Indicates  the  presence  I 

of  phosphate.  Also  as  the  layers  of  the  film  are  removed  oxygen  and  | 

phosphorus  change  together. 

It  nas  been  observed  that  the  film  growth  rate  decreased  sharply  when  the  j 

I 
I 

I 


potential  was  stepped  to  -300  mV  or  above.  To  investigate  this  further,  films 
were  formed  at  -300  mV  and  -*-300  mV  on  surfaces  which  had  not  been  cathodically 
reduced.  The  optical  results  are  shown  in  Figure  19.  The  curve  cannot  be 
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extrapolated  through  the  origin  which  is  indicative  of  a two  layer  film. 
Assuming  that  the  inner  layer  is  the  iron  oxide  passive  film:  the  aA  - aP 
segment  representing  this  film  connects  as  shown. 

The  Auger  results  are  shown  in  Figures  20  and  21.  These  results  imply 
that  the  outer  film  is  ferrous  phosphate.  The  inner  oxide  film  is  clearly 
indicated.  Thus  the  decreased  growth  rate  resulting  from  an  increase  in 
potential  is  due  to  oxide  film  formation. 

4.0  Discussion 

Based  on  the  changes  in  the  ell ipsometric  parameters,  A and  P,  three 
sets  of  curves  can  be  distinguished.  Although  it  is  not  possible  to  obtain 
unique  values  for  the  optical  constants  of  the  films  which  these  curves 
represent,  it  is  possible  to  obtain  ranges  of  physically  significant  values. 
The  three  groups  of  films  are:  (1)  those  with  refractive  indices  1.7  - 2.6, 
(2)  n from  1.6  to  1.9,  (3)  n ' 1.4. 

Films  of  the  first  group  form  in  pH  7 NaNOg  and  pH  12  Na^PO^  at  open 
circuit  potential,  and  also  in  chromates  and  molybdate  solutions  at  high 
anodic  potentials.  The  films  formed  under  the  above  conditions  have  the 
same  optical  properties  as  those  resulting  from  exposure  to  a pH  8.4  borate 
buffer  solution.  The  latter  have  been  extensively  studied  (18,  20-24);  most 
investigations  suggest  that  the  film  is  a heterogenous  iron  oxide  with  ferric 
ions  near  the  surface  and  a mixture  of  ferric  and  ferrous  ions  closer  to 
the  substrate. 

The  second  group  comprises  films  formed  at  open  circuit  potentials 
in  chromate  (pH  8-12),  molybdate  (pH  9.6),  tungstate  (pH  8.6),  and  arsenate 
(pH  8.5)  solutions.  All  of  these  films  contain  Ions  from  the  solution.  That 
which  was  formed  In  the  chromate  solution  resembles  the  passive  film  on 
stainless  steels  (27). 
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All  the  films  In  the  last  group  resulted  from  exposure  to  phosphate 
solutions.  These  films  thicken  rapidly  and  grow  to  thicknesses  many  times 
greater  than  those  formed  in  the  other  solutions.  The  presence  of  relatively 
large  amounts  of  oxygen  and  phosphorous  throughout  the  film  and  oxygen  in 
solution  to  oxidize  ferrous  ions  suggests  that  this  film  is  ferric  phosphate. 

O 

The  first  group  is  characterized  by  a high  field  (32-35mV/A)  and  a 

O 

small  growth  rate  (3  - 10  A/  decade  time).  While  in  the  second  group  a 

O O 

lower  field  exists  (2-20  mV/A),  and  the  growth  rate  is  15-130  A/decade  time.  It 
is  interesting  to  note  the  lower  the  refractive  index,  the  lower  the  field 
and  the  thicker  the  film.  For  the  third  group  the  field  is  approximately 

O 

0.03  mV/A,  and  there  exists  a growth  rate  of  several  thousand  angstroms 
per  decade. 

In  all  of  the  solutions  examined  (excepi  arsenate  in  the  first  stage  of  the 
growth  process)  the  growth  kinetics  are  logarithmic.  However,  the  growth  rate 
depends  on  the  species  and  on  the  pM  of  the  solution.  The  thickest  films 
form  in  arsenates  and  in  Na2HP0^  of  pH  9.1,  the  thinnest  in  Na^PO^  of  pH  12, 
and  in  nitrates. 

The  protective  properties  of  the  films  may  the  best  be  qualified  by 

o 

the  potential  rise  per  A of  film  growth.  The  highest  rise  of  the  potential 
is  observed  in  sodium  phosphate  (pH  12)  and  in  nitrites.  The  data  given 
in  Table  I show  that  surface  films  composed  only  of  iron  oxide,  without 
includsions  of  other  components  from  the  solution,  exhibit  the  best  protective 
ability. 

The  results  suggest  that  in  the  case  of  passive  films  of  the  1st  group 
the  oxidation  process  of  iron  at  open  circuit  potential  is  rapid  owing  to  the 
rapid  shift  of  the  potential  Into  the  range  of  oxide  formation.  This  Is 
due  to  the  occurrence  of  a rapid  cathodic  reaction  (e.g.,  reduction  of  NO^)  or 


f - 
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to  the  buffering  properties  as  well  as  the  high  alkalinity  of  the  solution 

and  low  corrosion  rate  of  iron  (e.g.,  in  the  case  of  Na-PO  of  pH  12  in  the 

j 4 

presence  of  air). 

As  for  the  second  group,  we  think  that  the  corrosion  of  iron  leads  to 
the  formation  of  ferrous  hydroxide,  which  undergoes  oxidation  under  the  effect 
of  dissolved  oxygen,  forming  ferric  hydroxide  and  oxyhydroxide.  Other  oxidizing 
species  such  as  chromates  can  also  oxidize  the  ferrous  hydroxide.  This 
leads  to  the  formation  of  a mixed  oxide,  hydroxide,  or  oxyhydroxide  films 
containing  iron  and  the  reduced  species. 

It  is  not  easy  to  speculate  now  whether  arsenates,  tungstates  and  molybdates 
enter  into  the  film  in  the  form  of  salts  or  in  that  of  oxides  as  well.  Never- 
theless, it  can  be  argued  that  such  films  block  the  metal  surface  effectively 
and  a longer  growth  time  and  a thicker  film  is  necessary  to  attain  the  potential 
range  at  which  the  oxides  having  better  protective  ability  are  formed. 

Similarly,  in  the  case  of  phosphates  the  iron  phosphate  produced  during 
corrosion  is  a good  ionic  conductor.  A film  several  thousand  angstrom  thick 
is  attained  before  the  potential  of  oxide  formation  is  reached.  Stepping  the 
potential  into  the  region  of  oxide  formation  results  in  a much  more  protective 
film.  This  occurs  even  after  an  iron  phosphate  film  has  formed  on  the  surface. 


Properties  of  Films  Formed  on  Iron  While  Exposed  to  Inhibitors 
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Figure  2 The  open  circuit  potential  as  a function  of  time  for  films 
1 , 2,  and  4. 
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Figure  3 
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The  Auger  spectra  from  a film  formed  at  a high  anodic  potential 
In  a chromate  solution.  (Film  no.  3). 
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Figure  5 Composition  profile  of  film  no.  2 formed  in  0.01  Na2Cr0 
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Figure  7 Changes  in  the  ellipsometric  parameters  for  Fe  exposed  to  tungstate, 
molybdate,  and  nitrite  solution. 
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Figure  8 Changes  In  the  film  thickness  and  open  circuit  potential  with  time 
for  Fe  In  0.1N  NaN02> 
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results  of  the  passive  film  on  Fe  after  exposure 
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Figure  10  The  film  thickness  and  open  circuit  potential  as  a function  of  time 
for  Fe  exposed  to  0.01N  Na2W0^  and  O.OIN  Na2Mo0^. 
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The  composition  of  the  film  resulting  from  exposure  to  the  molybdate 
solution. 


Figure  12  The  composition  profile  of  the  film  formed  in  the  tungstate  solution 
at  open  circuit  potentials. 
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Figure  14  Changes  in  the  elllpsometric  parameters  A and  P for  Fe  exposed  to 
O.IN  NagAsO^  at  open  circuit. 


Figure  16  The  Auger  results  of  the  film  resulting  from  exposure  to  the  arsenate  solution. 
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The  composition  of  the  film  formed  by  immersion  in  O.IN  Na^HPO^  at  open 
circuit  potentials. 
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Figure  19  The  ellipsometric  results  for  Fe  exposed  to  phosphates  and  at  applied 
anodic  potentials. 
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Figure  21  The  composition  profile  of  the  film  formed  on  Fe  at  300  mV  (SCE)  in  Na2HP0 
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